Investigation of plant relationships is very important in phylogeny and plant culture. In this work, we proposed an electrochemical fingerprint-based method for the investigation of Chimonanthus praecox from different locations. This is the first time that electrochemical fingerprinting technology has been applied to the study of the relationships between subspecies. Three buffer solutions were used as a solvents along with an electrolyte during the Chimonanthus praecox leaf extraction and fingerprint recording. The voltammetric curves of Chimonanthus praecox from different locations exhibited very similar profiles, confirming the feasibility of species identification based on the electrochemical fingerprint. A two-dimensional scatter pattern deduced from two sets of fingerprints was used to distinguish the locations. In addition, this phylogeographic study based on electrochemical fingerprinting suggested that Chimonanthus praecox has multisite and multitime origins.
INTRODUCTION
Cultivated fruit trees, vegetables and flowers all originated from corresponding wild plants. Generally, management of useful wild plants, such as collection of these plants or removal of useless wild plants, gradually evolves into domestication and cultivation of useful wild species [1] [2] [3] [4] [5] [6] [7] . The cultivation history of ornamental plants is not as long as that of crops. Studying the cultivation origin of ornamental plants can reveal the changes in the genetic background of domesticated plants and better elucidate the process of plant domestication. Current research on the cultivation origin of ornamental plants has focused on Chrysanthemum morifolium, Paeonia suffruticosa and Armeniaca mume [8] [9] [10] [11] [12] [13] .
Chimonanthus is native to China. In recent years, research on Chimonanthus has mainly focused on species resource investigation, plant taxonomy, systems evolution and genetic relationships. However, up to now, due to the lack of in-depth investigation of the wild resources of this species, the classification of the subspecies of Chimonanthus has not yet been determined [14] [15] [16] [17] [18] [19] . There is no unified standard for recording species and terms for character description.
Avise et al. [20] proposed a new discipline related to the principles and processes of determining the geographical distribution of species, namely, phylogeography, which mainly discusses the correlation between the evolution of a species and its geological history. Cytoplast genomes are commonly used for phylogeography to study the genetic structure and gene flow of populations [21] [22] [23] [24] [25] [26] [27] . Plant cpDNA is a single, nonrecombined genetic unit similar to animal mtDNA. There is no recombination in the chloroplast genome, and the same haplotype can be maintained in the next generation. Therefore, the chloroplast genome is an effective tool to study the origin of plant cultivation, population variation and phylogeography [28] [29] [30] [31] . However, gene sequencing requires high-cost and complex sample processing. Our previous work explored the application of electrochemical fingerprinting of plant tissues in plant phylogeny [32] [33] [34] [35] . The differences in plant chemical composition partly reflect differences in genes. The species and contents of electrochemically active substances in plant tissues were used to study the relationships between species. In this work, we attempt the application of electrochemical fingerprinting for the study of plant phylogeography. Chimonanthus praecox collected from seven locations was subjected to investigation. Electrochemical fingerprints of Chimonanthus praecox leaf tissue at three pH conditions were recorded to examine the differences in electrochemically active compound composition and content. These signals were then superimposed and standardized to study the genetic relationships between Chimonanthus praecox from different regions.
MATERIALS AND METHODS

Figure 1. Map of Chimonanthus praecox collection locations.
All chemicals used in this work were of analytical grade. Chimonanthus praecox leaves were collected from Emeishan, Guizhou, Hangzhou, Hubei, Hunan, Chengdu and Chongqing. Figure 1 shows the sample location sites. All samples were freeze-dried immediately after collection.
For a typical electrochemical fingerprint recording process, 0.2 g plant leaves were ground in a mortar with 10 mL of a buffer solution of acetate buffer (ABS, pH 4.5), phosphate buffer (PBS, pH 7) or Tris buffer (Tris, pH 9.0). Then, 5 min of sonication was carried out for extraction. The slurry was transferred in an electrolytic cell with the insertion of a three-electrode system, where a glassy carbon electrode, a Pt wire and an Ag/AgCl (3M) electrode acted as a working electrode, a counter electrode and a reference electrode, respectively. The electrochemical fingerprint was recorded using differential pulse voltammetry (DPV) with a pulse amplitude of 50 mV, a pulse width of 0.05 s and a pulse period of 0.5 s. Figure 2 shows a schematic diagram of the entire process. 
RESULTS AND DISCUSSION
Electrochemical fingerprinting can reveal profiles of electrochemically active substances in plant tissues. Because the genetic differences between the same species are very small, the same species should have very similar electrochemical fingerprints even in different regions. Figure 3 shows the electrochemical fingerprints of Chimonanthus praecox from seven regions in three different buffer solutions. All Chimonanthus praecox exhibited similar profiles with either ABS, PBS or Tris buffers. These results indicate that the electrochemical fingerprint can be used for plant species identification regardless of geographic origin. Specifically, all samples exhibited a distinct oxidation peak at 1.1 V with ABS. With PBS, all samples exhibited two major oxidation peaks at 0.27 V and 0.7 V. With Tris, all samples also showed two major oxidation peaks at 0.42 V and 0.88 V. These oxidation peaks corresponded to oxidizable compounds, such as phenolic acids [36] , alkaloids [37] , pigments [38] , flavonols [39] , and procyanidins [38] . Although the electrochemical fingerprint does not indicate exactly which electrochemically active substances were oxidized, their distribution can be reflected in the overall curves. Slight differences can be noticed between Chimonanthus praecox samples collected from different locations. To better show the differences among Chimonanthus praecox from different regions, we composed a scatter diagram of two sets of electrochemical fingerprints. Figure 4 shows scatter patterns prepared using electrochemical fingerprints recorded with ABS, PBS and Tris buffers. As shown in the figure, each sample of Chimonanthus praecox showed a similar pattern trend, while differences were also noticed. These differences are due to subtle differences in electrochemically active compounds. The 2D scatter patterns deduced from two sets of electrochemical fingerprints could amplify the differences between samples. Specifically, as shown in Figure 4A , all samples showed an almost straight line after a complex curve, which can be clearly used for identifying the location of the sample. Plant domestication is a gradual process, and artificial cultivation and domestication can change the genetic diversity of crops. The genetic diversity of the earliest selected wild populations is generally relatively high. In the subsequent planting process, only the seeds most suitable for human needs are further sown. Such selection results in a decrease in genetic diversity in today's cultivated species and subsequently reduces the genetic diversity across the entire genome [40] . Many studies have shown that the genetic diversity of cultivated populations is lower than that of wild populations [41] [42] [43] . Genetic diversity based on cpDNA is usually measured by haplotype diversity and nucleotide diversity [44] . The variation of a single base can generate new haplotypes but has little effect on nucleotide diversity. Changes in nucleotide diversity take longer to accumulate, so nucleotide diversity is more representative of the genetic diversity of a population [45] .
Zhou et al. [46] reported that genetic differentiation was found in Chimonanthus praecox cultivated in Nanjing and Wuhan. Humans often collect plants from nearby wild and cultivated communities when introducing seeds. This is especially true for Chimonanthus praecox, a tree with high ornamental value, that has been widely discussed, artificially spread and popularized. Therefore, we used the electrochemical fingerprints recorded with three buffer solutions for the cluster analysis. As shown in Figure 5 , all samples were divided into two clusters. According to the geographic representation in Figure 1 , the distribution of Chimonanthus praecox seems to be related to latitude. Specifically, the Chimonanthus praecox collected from Hubei and Chengdu were clustered together. The remaining Chimonanthus praecox from lower latitudes were placed in another cluster. There are two main hypotheses for the origin of cultivation: (1) single origin (the domestication of cultivated species from a defined area through continuous transplanting to other areas) and (2) multiplace origin (the domestication of multiple cultivation groups occurred after long-term introduction along the whole distribution area of wild ancestor species). According to the cluster analysis, our results suggest that Chimonanthus praecox has a multisite and multitime origin. There are also some shortcomings in using electrochemical fingerprints to study plant phylogeography. First, electrochemical fingerprints represent only information about electrochemically active substances, so they differ less than direct molecular markers. Furthermore, the recording accuracy of the electrochemical fingerprint is limited, so some errors may be introduced. These deficiencies lead to electrochemical fingerprinting technology that cannot completely solve the problem of the origin of Chimonanthus praecox cultivation. Further investigation based on molecular technology is necessary to confirm these results. 
CONCLUSION
In conclusion, electrochemical fingerprinting shows potential in plant phylogeographic studies. We sampled Chimonanthus praecox from seven locations and recorded their electrochemical fingerprints under three buffer solutions. Based on the recorded electrochemical fingerprints, we successfully identified Chimonanthus praecox in different locations. At the same time, the electrochemical fingerprinting was analyzed by cluster analysis. The results show that Chimonanthus praecox may have multiple independent origins, and its origin is related to latitude.
